In Drosophila, male accessory gland £uid (seminal £uid) has multiple e¡ects on the female's reproductive e¤ciency. Here, we show the e¡ect of seminal £uid on rate of egg hatch immediately following mating. Singly mated females were remated to two classes of sterile males, one with seminal £uid and one without seminal £uid. Transfer of seminal £uid results in a strong reduction in egg hatch shortly after the mating. Also, it is shown that remating with normal males causes an immediate reduction of egg hatch followed by recovery to normal egg hatch. In all cases, unhatched eggs contained no sperm. These results are consistent with a role for seminal £uid in sperm competition, mediated by incapacitation or ine¤cient use of resident sperm.
INTRODUCTION
Sexual selection in the form of sperm competition has been studied in many organisms including many insects, ¢shes, mammals and birds (Birkhead & MÖller 1998) . In general, sperm competition in Drosophila and other organisms results in the second male's sperm having an advantage over the ¢rst male's sperm in fertilization success (Prout & Bundgaard 1977) . In Drosophila melanogaster the proportion of fertilizations by the second male's sperm (P2) is approximately 0.80, but this ¢gure varies considerably among strains of males (Clark et al. 1995) and of females (Clark & Begun 1998) . The mechanism of high P2 or`sperm displacement' is known in only a few cases (reviewed in Harshman & Prout 1994) . There is evidence in Drosophila that seminal £uid from the second male reduces the female's subsequent fertility when the second male transmits no sperm. Apparently the seminal £uid somehow incapacitates the ¢rst male's sperm, either by direct incapacitation or by making the female avoid use of that sperm (Harshman & Prout 1994) . In this paper we con¢rm and extend this result by determining the egg hatch rate using two kinds of sterile males with and without seminal £uid.
MATERIAL AND METHODS
Two strains of spermless males that transmit seminal £uid were used. XO males were sons of females from a wild-type third-chromosome extracted line from Beltsville, MD, USA crossed to attached XY males. These XO males have accessory glands that produce normal seminal £uid, but they produce no motile sperm and are completely sterile (Kiefer 1966) . In addition, male o¡spring of tudor females fail to produce germline cells, and are likewise spermless but produce normal seminal £uid (SchÏpbach & Wieschaus 1986) . The results using these males were compared with the results of remating with sterile DTA (which bear a diphtheria toxin transgene) males, which lack an accessory gland and thus produce no seminal £uid proteins (Kalb et al. 1993) . A third-chromosome extracted line (B3^09) from Beltsville, was used as a control with normal fertility.
In the experiments, each female was ¢rst mated to a B3^09 male and then kept in a vial with ten females. Three days later the singly mated females were divided into ¢ve treatments. Treatment 1 consisted of no further mating. In treatment 2 the females were placed singly into vials with two B3^09 males and watched until matings were completed, at which time the females were transferred to egg-collecting medium. Treatments 3, 4 and 5 were the same as treatment 2, except that females were allowed to remate with XO, tudor or DTA males, respectively. Within 1h of mating, females were transferred into vials for egg collection. Eggs were collected on small plastic spoons with grape juice^yeast egg-collection medium (Ashburner 1989) . Females were transferred to fresh egg-collecting spoons the next morning (18 h later) and allowed to oviposit for an additional 12 h. When females were removed, eggs were counted, and the hatch rate was determined by observation at 36^40 h post-laying. The entire experiment was repeated on two days that were two months apart.
In addition another experiment was done with rematings to wild-type males.The egg hatch rate was determined immediately after remating and again one or two days later. This experiment was done twice ; once at Pennsylvania State University (Penn State) using B3^09 females, and again by H. Kross at University of California at Davis using a freshly caught wild-type line.
We determined whether the eggs that failed to hatch had been fertilized by placing unhatched eggs on a glass microscope slide immersed in PMS bu¡er, and examining them under Nomarski optics (S. Pitnick, personal communication). The refractive properties of the sperm tail make it readily apparent if present within the egg, and the sperm tail does not degrade (Pitnick & Karr 1998).
RESULTS
There were large di¡erences in the mean egg hatch rates among the ¢ve treatments (table 1). Analysis of variance of arcsine square-root-transformed data showed that there was a signi¢cant variation in egg hatch when the same B3^09 females remated with males of the di¡erent treatments (table 2). The Tukey^Kramer method for unplanned posterior contrasts (Sokal & Rohlf 1995) showed that females that were singly mated, and those that remated with B3^09 or DTA males, had the same high hatching rate, females that had remated with tudor or XO males (spermless males that transmit seminal £uid) had a reduced hatch rate, and that within the group (singly mated, B3^09, DTA) and within the group (tudor, XO) there were no di¡erences in egg hatch. This result implies that there was no reduction in egg hatch following remating either to the same strain or to males without seminal £uid, but reduced egg hatch is seen following mating to males with normal seminal £uid. In no case did an egg that failed to hatch have visible sperm inside, so the failure in egg hatch is caused by failure to fertilize the eggs.
The results of the two experiments with females remated to wild-type males comparing early hatch (day l) with subsequent hatch (days 2 and 5) and with egg hatch rate of non-remating females are shown in table 3. The signi¢cance of results in table 3 were tested by treating the data as a 2 2 2 contingency table for the Penn State data, and as a 3 2 2 table for the Davis data, where the categories are day (1, 2 or 3), remating (yes or no), and hatching (yes or no). When hatching was considered as the response variable, the day remating interaction was signi¢cant in both the Penn State ( 2ˆ3 .94, 1d.f., p50.047) and Davis data ( 2ˆ1 6.06, 1d.f., p50.0001). Dropping day 3 from the Davis data, the day remating interaction remains signi¢cant ( 2ˆ4 .64, 1d.f., p50.031). A consistent result from these two independent experiments using di¡erent strains of £ies was a signi¢cant decrease in egg hatch immediately after remating, followed by a recovery in egg-hatch rate.
DISCUSSION
It is clear that the seminal £uid causes females to lay a greater proportion of unfertilized eggs, because males that transmit seminal £uid induce a temporary reduction in egg hatch, whereas males that lack seminal £uid do not. This may be either from`mistakes' made by the female in her use of stored sperm, or the resident sperm may have been incapacitated. Examination of sperm within the unhatched eggs shows that the e¡ect is not post-zygotic. These results are consistent with those of Gilchrist & Partridge (1995) , who remated females to irradiated males a week after irradiation and which presumably had no sperm but had seminal £uid. Gilchrist & Partridge (1995) observed a sharp reduction in egg hatch which persisted.
These results also support the ¢ndings of Harshman & Prout (1994) who showed that rematings with two of these sterile males produced fewer o¡spring when remating with tudor compared with DTA. They also found that interrupting matings after 2 and 4 min, when only seminal £uid is transferred, caused a reduction in the number of o¡spring. Our data show that these results are caused by egg hatch. The immediate reduction in egg hatch when remating with normal males might be due to the early transfer of seminal £uid, which is then counteracted by the incoming fresh sperm.
The results here contradict those of Price et al. (1999) , who found a reduction in o¡spring when females were remated to XO males seven days after the ¢rst mating, but no reduction when remating to XO after two days. The reduced egg hatch here was found after three days. This di¡erence could well be due to di¡erences in female strains used, since large genetic di¡erences among females in response to competing sperm have been reported (Clark & Begun 1998) . Genetic di¡erences among females in response to XO males should be studied. At this time we cannot reject the hypothesis that these laboratory di¡er-ences are environmental or nutritional. The slight initial reduction found in egg hatch after remating to normal males may result from an initial seminal £uid e¡ect which is then overwhelmed by the abundance of fertile sperm. An important question yet to be answered is how the new sperm avoids the e¡ect of its own seminal £uid. Gilchrist & Partridge (1995) showed there is no`self-recognition' process because there was no di¡erence in egg hatch between females remated to the same initial males compared with females remated to di¡erent males.
